Absorption of pulsed microwave energy can produce an auditory sensation in human beings with normal hearing. The phenomenon manifests itself as a clicking, buzzing, or hissing sound depending on the modulatory characteristics of the microwaves. While the energy absorbed (--• 10/z J/g) and the resulting increment of temperature (--• 10 -6 øC) per pulse at the threshold of perception are small, most investigators of the phenomenon believe that it is caused by thermoelastic expansion. That is, one hears sound because a miniseule wave of pressure is set up within the head and is detected at the cochlea when the absorbed microwave pulse is converted to thermal energy. In this paper, we review literature that describes psychological, behavioral, and physiological observations as well as physical measurements pertinent to the microwave-hearing phenomenon.
) authored a series of papers in which he described the hearing phenomenon. Frey (1961) initiated research by selecting a number of persons who had sensed the phenomenon. He interviewed them and exposed them under controlled conditions to microwave pulses. The sensations perceived by the subjects were reported as buzzing or knocking sounds, depending on the pulse. characteristics. Perception was not associated with detection by fillings in the teeth or by an electrophonic effect (Flottorp, 1976).
The mechanism of "radio-frequency" (rf) hearing remained obscure for more than a decade. Frey (1962 Frey ( , 1971 ) suggested that direct stimulation of the nervous tissue might be responsible. During the last decade, numerous studies using psychological, physiological, behavioral, physical, and theoretical approaches have revealed what most investigators'now believe is the mechanism of rf hearing: thermoelastic expansion, first proposed by Foster and Finch (1974) .
The radio frequencies are broadly defined as the frequencies extending from 30 Hz to 3000 GHz and the microwave frequencies are between 300 MHz-300 GHz (Reference Data for Radio Engineers, 1972). Because 9-GHz microwave fields. The microwave energy was absorbed by water and converted into thermal energy, which caused the water to expand in accord with its thermoelastic properties. Thermal expansion in the surface-heated (i.e., nonuniformly heated) volume produced a wave of pressure. Gournay (1966) analyzed theoretically the conversion of a single pulse of electromagnetic energy to acoustic energy in liquids. Foster and Finch (1974) further measured microwave-induced acoustic transients in a saline solution, using a hydrophone. The amplitude of a thermoelastically launched pressure wave was shown to be in close agreement with that predicted by the analytical equations of thermoelastic expansion (White 1963; Gournay 1966) . When tested in distilled water, the pressure wave inverted below 4øC and vanished at 4øC in agreement with the temperature dependence of the thermoelastic properties of water.
Although the literature on rf hearing is well read by investigators of biological effects of electromagnetic fields, it has been published principally in engineering journals and as proceedings of symposia. It is our purpose in this paper to review and summarize the research more or less chronologically on rf hearing, including that of psychological studies of human subjects, of physiological and behavioral observations on animals, and of physical measurements on materials. Theoretical studies have been well covered in numerous publications, including the text by Lin (1978) .
I. PSYCHOLOGICAL STUDIES
In 1947, several members of the engineering staff of the Airborne Instruments Laboratory heard sounds at the repetition rate of a large ground-based radar when they were standing close to the radar's horn antenna (Airborne Instruments Laboratory, 1956). The radar was operating at 1.3 GHz and generated 2-•s pulses at 600 pulses per second (pps). The audible response was obtained to distances of 5 or 6 ft from the horn. Power densities of fields at the locations of rf hearing were not specified. The staff found that the most sensitive area on the head for auditory perception was the temporal area. Subsequent work on rf hearing by the same group did not resume until shortly before 1956. The observers found that the sounds seemed to have mostly high-frequency components and not very many fundamentals. They also' found that two persons with a hearing deficiency in the region of 5 kHz had a much poorer response than did persons with normal hearing. Because of concern for potential biological hazards of intense microwave irradiation (especially as a cause of cataracts), the work was discontinued.
In 1961, Frey published a technical note on the auditory-system response to rf energy. He used two transmitters, one operating at 1.31 and one at 2.98 GHz. The transmitters operated, respectively, at 224 pps, 6-•s pulse width, and 400 pps, 1-•s pulse width. The subjects, who wore earplugs and were located 100 ft from the transmitting antenna, perceived a buzzing sound when exposed to the beam of either transmitter.
The sound was perceived as located a short distance behind their heads. The thresholds of average power density of fields at the head were determined to be 0.4 and Since average power is dependent on the pulse-repetition rate, and since the auditory system is responsive to individual pulses, the energy density per incident pulse is a more reliable quantity than the average power in predicting the threshold of rf hearing. We calculated that Frey's threshold energy densities were 1.6 and 5
•J/cm •' for the respective carrier frequencies. The quantity of energy imparted to the head is doubtless responsible, in part, for rf hearing. The quantity of energy coupled to the head varies with the carrier frequency of the electromagnetic field, with the orientation of the subject and the polarization of the fields, with the size and shape of the head, with the pulse duration, and with the exposure conditions. To compare threshold values of rf hearing from different laboratories, it is necessary to specify the energy absorbed per unit mass (J/g), which is designated specific absorption (SA) by In Frey's study, a subject with otosclerosis who had a 50-dB loss in air-conduction hearing but who had normal bone-conduction hearing could hear rf sound.
Three subjects who could not hear rf sound had audiographically confirmed hearing losses above 5 kHz, which were similar to those reported earlier by the staff of the Airborne Instruments Laboratory. In a sound-matching experiment, Frey reported that it was difficult for subjects to match the rf sound to audio-frequency sine waves. The subjects perceived the best match of the rfinduced sound with high-frequency noise (above 5 kHz).
In subsequent papers, Frey (1962 Frey ( , 1963 energy density of the incident field (6.3 •J/cm2), the loudness declined for pulses of increasing width above 30 gs. For 10-to 30-gs pulses, the loudness appeared to be the same. Frey and Messenger interpreted the loudness to be a function of the peak of power density rather than a function of average power. They also concluded that a band of optimal pulse widths existed. They thought the 10-gs pulse was below the optimal width for loudness and presented an additional data point for 40-g s pulses, thinking these were within the optimal band, since loudness was greater. However, it should be noted that the energy density of the 40-gs pulse was 25.2 gJ/ cm2--four times larger than that of any other data point.
As discussed later, based on the hypothesis of thermoelastic expansion, pulses of 10 to 30 gs in width of the same energy density per pulse should produce the same magnitude of auditory response. Frey's (1961 Frey's ( -1963 except that Ingalls reported that the rf sound was perceived to be above or at the very top of the head. When an observer placed his fingers in his ears to reduce ambient noise, the microwave source seemed to move to the top of the head. In searching for the mechanism, Ingalls indicated that it was very difficult to conduct electrophysiological experiments during microwave exposure because of electromagnetic interference with measuring instruments. He also disputed the radiation-pressure hypothesis of Soreruer and yon Gierke because of the low amplitude of the radiation pressure, the location of rf-sensitive area not being in the region of the ear, the high-frequency nature of the rf sound, and the independence of head orientation in the rf field. Ingalls favored the hypothesis of direct involvement of the nervous system but ackfiowledgedthe need for more work in determining mechanisms.
It is difficult for us to interpret
Experiments on the hearing of rf sound by human beings were also conducted by Guy et al. (1975) . In these studies, the microwave source was a 2450-MHz pulse generator capable of producing 10-kW peak power pulses of 0.5 to 32 gs in width. The threshold energy per pulse to produce an auditory response at various pulse widths was determined for two observers. Table  I pulse-modulated microwaves. The pulses were 5 to 150
•s in duration and the repetition rates were 50 to 20 000 pps. The thresholds of two subjects (one with a highfrequency auditory limit, HFAL, of 14 kHz, the other with a HFAL of 17 kHz) are shown in Fig. 1 . As the pulse-repetition rate was increased from 1000 to 12000 pps, but at the same peak of power, the rf sound changed in polytonal character. At a given energy level, the loudness fell sharply asthe repetition rate increased from 6000 to 8000 pps and then the loudness increased and appeared to reacha maximum at 10 to 11 kHz. Some subjects could not distinguish 5000-pps sound from that at 10000 pps. Other subjects perceived the pitch associated with 5000 pps as higher' than that associated with 10 000 pps. Subjects with a HFAL below 10 kHz could not hear rf pulses associated with 10-to 30-•s pulses. (Fig. 6) pathway through the central nervous system is activated by both microwave and'acoustic stimuli. The two responses are, however, not exactly the same since microwave-induced sounds are much higher in frequency than those produced acoustically.
Tyazhelov et al.'s (1979) data on thresholds of hearing

Cain and Rissmann (1978) recorded responses from
both the inferior colliculus and scalps of cats exposed to 3-GI-lz microwave pulses. The traces of their responses were quite smooth, probably due to the limited frequency response of their recording system. Lin½t al. (1979) recorded from surface electrodes and from implanted stainless-steel electrodes microwave-induced BERs in cats exposed to a small microwave-contact applicator. They found waveforms comparable to those evoked by acoustic pulses. They also studied the relation between amplitude of the BER and the pulse repetition rate, the pulse width, and the peak power of the microwave pulses.
Since the technique of recording BERs with surface electrodes is elemental, we applied it in two studies to achieve further understanding of microwave auditory ef- Hjeresen ½! •l. (1979) felt that the preference data of Frey and Feld (1975) might be related to hearing of the pulsed microwaves. They conducted a study in which rats were exposed in a shuttle box to 2.88-OHz pulsed microwaves (3-1•s pulse width, 100 pps, peak of power density 33 W/crn 2, average power density 9.5 rnW/cm 2, incident energy density 99 {•J/cm 2 per pulse, whole body average SA per pulse 63 •J/g). Two groups of rats were exposed alternately for 1-h daily either in the right or left side of the box. The third group was exposed on both sides, and the fourth group was not exposed at all. The percentage of time the rats spent on each side and the number of crossings between sides were measured for nine sessions (one session per week). In sessions 1 to 5, the rats developed a preference for the unexposed side but this effect also was reduced by alternating the side of exposure. In session 6, when the microwave stimulus was exchanged for a high-frequency (37.5 kHz) acoustic stimulus, the rats showed a preference for the acoustically unstimulated side. In sessions 7-9, the stimulus was changed back to microwave radiation. A significant preference was seen only during session 8.
The number of crossings was increased when both sides of the box were exposed either to microwaves or to sonic stimuli. The crossings decreased during the session when one side of the box was exposed. When high-frequency, acoustically "pink" noise was applied at the same time as were microwave pulses during five additional sessions, there was no statistically significant difference between the experimental and control animals. However, in all cases, crossing activity was higher in the exposed animals than in the unexposed controls.
These results indicate that rats can generalize to pulsed sonic stimulation from the pulsed microwave stimulation.
The noise-masking results also indicate that the auditory sensation perceived during pulsed microwave exposure is the likely mediator of preference. Besides concluding that auditory perception of pulsed microwaves could be responsible for the sidepreference effect, the authors indicated that the increased crossing activity shown by continuously exposed rats may be due to thermal loading or other undefined motivating factors. In summary, the behavioral studies indicate that rats can perceive pulsed microwaves. The behavior of rats based on discriminative control and shuttle-box preference tests demonstrates that they perceive pulsed microwave radiation. The avoidance behavior and the effect of chronic exposure to microwaves on audiogenie seizures can also be attributed to the hearing effect. Since the threshold for hearing pulsed microwaves is very low, it is important to determine whether any observed biological responses in animals exposed to pulse modulated microwaves is due to the hearing of microwaves.
IV. PHYSICAL MEASUREMENTS White (1963) analyzed the generation of elastic waves in solid and liquid materials exposed to pulsed microwaves. His analysis deals With the nonuniform heating , at the surface of an exposed object. The analysis predicts that, as a result of thermal expansion, a temperature gradient produces strains in the exposed medium and leads to the generation of stress waves which propagate away from the heated area. The amplitude of the stress wave depends upon the elastic constraints applied at the heated surface. The amplitude is much higher for a constrained surface than for a stress-free surface.
White also showed analytically that the thermoelastic pressure wave is much higher than the radiation pressure. Experimentally, when he exposed water to 9-GHz, 2-gs microwave pulses at peak power density of 2 W/ cm" corresponding to a calculated peak temperature rise of 0.001 øC, elastic waves could be detected by a piezoelectric crystal probe (White, 1963 
VI. CONCLUSION
Microwave hearing is most easily explained by the mechanism of thermoelastic expansion, i.e., absorption of microwave energy produces nonuniform heating of the exposed head; a thermoelastic wave of pressure is then launched, presumably through bone conduction, to the cochlea where it is detected. After auditory-nerve excitation in the high-frequency portion of the cochlea, transmission of the microwave-induced neural response follows the same auditory pathways as do all of the .acoustically induced responses through the brainstem and thalamus to the auditory cortex.
